Background. Coronary spasm may play an important role in progression of organic coronary stenosis and myocardial infarction, but the mechanisms responsible for these complications are not known. This study aimed to examine whether the mode of onset and the duration of coronary spasm influenced progression of organic coronary stenosis and acute myocardial infarction in a swine model of coronary
In this animal model, coronary spasm similar to that in variant angina can be repeatedly provoked by intracoronary injections of serotonin. We also have shown that severe coronary spasm induces intramural hemorrhage resulting from tearing of the dense capillary network in the atheroma. 21 Since it is easy to control the severity and the duration of coronary spasm by changing the dose and the frequency of administration of the monoamine, our animal model appears to be suited to examining whether the mode of onset and the duration of coronary spasm affect the progression of organic coronary stenosis and the development of acute myocardial infarction.
The present study was designed to examine 1) whether coronary spasm augments organic coronary stenosis, 2) whether coronary spasm induces myocardial infarction, and 3) if so, whether the mode of onset and the duration of coronary spasm affect the progression of organic coronary stenosis and the development of acute myocardial infarction.
Methods

Animal Preparation
Twenty male Gottingen miniature pigs were housed individually at controlled room temperature and were fed a semisynthetic diet. (Figure 1 ). To prevent ventricular fibrillation, lidocaine (1 mg/kg i.v.) was administered before provocation of coronary spasm in all pigs, followed by infusion of 1 mg/min i.v. throughout the experiment. Heparin (5,000 units i.v.) was administered before the angiographic study and was added every 5 hours in all pigs. In group B2, to minimize intracoronary thrombosis, urokinase (30x104 units i.v.) was administered by bolus just before provocation of spasm, followed by drip infusion of urokinase (30x104 units) for 120 minutes.
In pigs that did not die during the provocation of spasm, coronary angiography was performed 1 hour after provocation of coronary spasm to evaluate sudden progression of organic coronary stenosis. Coronary angiography was performed 5 minutes after administration of nitroglycerin (20 ,g/kg i.v.). Contrast left ventriculography was not performed at this time. After awakening, pigs were returned to their rooms.
Twenty-four hours and 7 days after provocation of spasm, pigs were again anesthetized and intubated. Coronary angiography was performed 5 minutes after administration of nitroglycerin (20 jig/kg i.v.) to assess late progression of organic coronary stenosis. Contrast left ventrography was also taken at that time.
Because seven of 20 pigs died of ventricular fibrillation during provocation of coronary spasm, angiographic progression of organic stenosis and evolution of acute myocardial infarction could not be evaluated. In these seven pigs, we evaluated intramural hemorrhage and progression of coronary stenosis histologically.
Quantitative Analysis of Coronary Angiography
Cinefilm was projected on a viewing screen (ELMO-35B, Nishimoto Sangyo, Osaka, Japan). The end-diastolic frame was selected by ECG waves recorded on cinefilm, and photocopies (13 An angiographic progression of organic coronary stenosis was defined as the decrease of the absolute value of diameter >25% of the original absolute value. 22 
Histological Study
After the pig died of ventricular fibrillation or after the angiographic studies, thoracotomy was performed with 
Abrupt Versus Gradual Onset of Coronary Spasm and the Occurrence ofIntramural Hemorrhage
Intramural hemorrhage was noted at the spastic sites in nine pigs of group A (90%), one pig of group B1 (25%), and one pig of group B2 (17%). The incidence of intramural hemorrhage was significantly higher in group A than in group B (p<O.O1) ( provocation of coronary spasm. In the remaining six pigs (four in group A and two in group B), coronary angiography under treatment with nitroglycerin could be performed after provocation of spasm. Angiographic progression of organic stenosis at the spastic site caused by intramural hemorrhage was noted only in two of six pigs (both in group A; Table 2 ). Figure 2 shows a case in which progression of organic coronary stenosis was documented angiographically after provocation of coronary spasm. The second marginal branch, in which percent luminal narrowing was 44% before provocation of spasm, was totally occluded during coronary spasm. Administration of nitroglycerin by intravenous bolus did not relieve total occlusion (Figure 2C ), which remained at 1 and 7 days after provocation of coronary spasm (data not shown). Histological examination of the site of spasminduced occlusion showed subtotal obstruction resulting from massive intramural hemorrhage. In this pig, acute myocardial infarction was histologically evident at the area perfused by the occluded branch ( Table 2) .
Progression of organic coronary stenosis caused by intramural hemorrhage was suspected histologically but not documented angiographically in five pigs (four in group A and one in group B2; Table 2 ). In two of these five pigs (both in group A), total coronary occlusion caused by massive intramural hemorrhage was histologically documented at the spastic site, which had been patent before provocation of coronary spasm (Figure 3 ). In these two pigs showing total occlusion, angiographic progression of coronary stenosis and evolution of acute myocardial infarction was not documented because of sudden death during provocation of coronary spasm. In the other three pigs, progression of organic coronary stenosis was caused by massive hemorrhage in the space between the internal lamina elastica and the endothelium, which protruded into the lumen. Intramural hemorrhage was seen not only in the thickened intima, in which capillaries (vasa vasorum) were present as described previously,16 but also in the mild atheroma, in 24 hours after (panel B), and 7 days after (panel C) provocation of coronary spasm.
Anteroapical hypokinesis was evident in panels B and C. which capillaries were not noted (Figure 4) . Serial sections revealed the continuation of massive hemorrhage at the deeper site of the severely thickened intima to the hematoma-like lesion protruding into the lumen.
Plaque rupture and coronary thrombosis were not noted in the coronary segments evaluated histologically.
Myocardial Infarction Provoked by Prolonged Coronary Spasm
Evolution of acute myocardial infarction was diagnosed by serial ECG findings, left ventriculograms, and histological findings. In groups A and B1, only one pig developed acute myocardial infarction, whereas in group B2, acute myocardial infarction ensued in five of six pigs (Table 2 ). Figure 5 shows the left ventriculograms before and 1 and 7 days after provocation of coronary spasm in the left anterior descending coronary artery in a pig of group B2. In this pig, akinesis of the area perfused by the spastic artery was noted at 24 hours as well as 7 days after provocation of coronary spasm. The vessel responsible for akinesis was patent at 1 hour, 24 hours, and 7 days after provocation of coronary spasm. Histological examination confirmed acute myocardial infarction at the akinetic lesion in this pig ( Figure 6 ). The left descending coronary artery was patent, and neither intramural hemorrhage nor coronary thrombi were seen. Figure 7 shows the series of representative ECGs before, during, and 24 hours after provocation of coronary spasm at the left anterior descending coronary artery in another pig of group B2.
ST segment elevation in V1 during coronary spasm progressed to abnormal Q waves in leads V1 through V4 at 24 hours after provocation of coronary spasm. Discussion The major observations in the present study are that 1) intramural hemorrhage was frequently induced by severe coronary spasm of abrupt but not of gradual onset, 2) intramural hemorrhage acutely augmented organic coronary stenosis and sometimes resulted in persistent total coronary occlusion leading to acute myocardial infarction, and 3) prolonged coronary spasm induced acute myocardial infarction without occlusion of the artery.
Our previous studies indicate that spastic sites show mild intimal thickening without intra-atheromatous capillaries in animal models of coronary spasm produced by coronary artery denudation with or without cholesterol feeding.1920 In these animal models, neither intramural hemorrhage nor progression of organic stenosis was induced by coronary spasm. However, x-irradiation combined with denudation and cholesterol feed- ing induced thickened atheromatous lesions with intraatheromatous capillaries.21 In this x-irradiated model, we previously demonstrated that coronary spasm induced intramural hemorrhage and obtained indirect evidence that coronary spasm caused progression of organic coronary stenosis. Thus, we used this x-irradiated animal model in the present study. 
